and a large number of existing major and trace element analyses of samples from throughout the core [Karl et al., 1992; Karpoff, 1992] . The budgets of most incompatible elements considered in this study are dominated by the pelagic clay and volcaniclastics, and so representative samples from these units were the focus of further analysis by ICP-MS. The bulk composition of the sediment column (Table 2) was estimated using the methodology of Plank and Ludden [1992] .
There is broad agreement between many features of our sediment estimate and the bulk western Pacific sediment of Lin [1992] . However, some of the elemental abundances (e.g., Th and Nb) important to this study were not analyzed by Lin [1992] , and close correspondence of the two bulk sediment estimates is not necessarily expected. Lin 
Results
There have been numerous previous trace element and isotopic investigations of the subaerial Mariana volcanics [Meijer, 1976 (Figures 2b and 2c ). For the data set as a whole, incompatible element ratios vary as their concentrations increase (Figures 2b and 2c ). Such incompatible element variations cannot be related to crystal fractionation alone ( Fig. 2b and 2c) ; see also Meijer and Reagan [1983] . However, for lava suites from individual islands, variations of incompatible element concentrations occur without a change in their ratios and can be reasonably explained as a result of differentiation (Figures 2b and 2c ). Since we are mostly interested in geochemical variations related to deep processes, it is interisland differences in lava composition that are most important. Guguan lavas have much lower Th and Nb contents than those from Agrigan or Uracas (Figure 2b ), greater than can be related to any differences in degrees of differentiation, and also significantly different Th/Nb and Ba/Nb ratios (Figures 2b and  2c) . The distinction between Guguan and Agrigan (or Uracas) lavas is evident in many subsequent plots (as is the systematic departure of the single sample GUG3 from the main body of Guguan analyses). Compositions of the Central Island Samples collected specifically for this study are labeled with an abbreviation of the island name and those from a U.S. Geological Survey expedition, kindly provided by R. M. Moore, are prefixed MM-92 (MM-92-10 comes from Pagan and MM-92-6 comes from Agrigan). Major elements were measured by XRF and reported in weight percent, and trace elements were measured by a combination of XRF (Zn, Ni, Cr, V, Rb, Sr and Ba) and ICP-MS (other trace elements except Th and U, where isotope dilution measurements are cited) and are reported in parts per million by weight. Isotopic ratios are atomic ratios except for 238U series measurements which are reported as activity ratios. Blank spaces imply no analysis made. Where elements were analyzed by several techniques, only one set of data is quoted. Values obtained for BHVO-1 and JA-1, analyzed as unknowns during XRF and ICP-MS measurements respectively are shown together with 1 sigma standard deviations expressed as percents of the measured value. BHVO-1 was measured eight times and JA-1 in triplicate. The reproducibilities cited for JA-1 are maxima as these measurements were made over a period of machine development of the ICP-MS. For some elements, the reproducibility of BHVO-1 is not a good guide to sample reproducibility, and in these cases (Ni, Cr and Nb) an average of percent standard deviation between duplicate analyses (made for all samples) is quoted in preference. Ages are attributed to samples where there are obvious recent flows that correspond to documented historic eruptions [Simkin et al., 1981] . Uracas has experienced much recent activity, and the recent flows cannot be related to a specific date but simply to the abundant eruptions between 1900 and 1952. (Plank and Langmuir, submitted manuscript, 1996) . Concentrations are expressed as percent (major elements) and parts per million (trace elements) by weight relative to dry sediment mass. Isotopic ratios are derived using data taken from several sources [Meijer, 1976; Woodhead and Fraser, 1985; Woodhead, 1989; Lin, 1992] .
province as a whole are generally bracketed by the lavas from Guguan and Agrigan (or Uracas).
A more complete range of incompatible element abundances is shown in Figure 3 Nb ppm clear in Figure 3 . The Agrigan lavas have greater concentrations of most highly incompatible elements (at a given degree of differentiation) and higher light/heavy REE ratios than the Guguan lavas. We thus term the Agrigan and Guguan lavas as "enriched" and "depleted," respectively.
The 238U-23øTh disequilibrium data for the lavas of this study are plotted on an equiline diagram in Figure 4a and are compared to MORB, OIB, and other arc data in Figure 4b Reproducibility of ( U/ Th) is smaller than symbol size. (Fig. 7b) , as this ratio has been found to be constant and chondritic for a wide range of mantle derived materials [Jochum et al., 1986 [Jochum et al., , 1989 ]. Such worries, however, can be readily addressed by investigating how the bulk sediment composition changes with varying the proportions of sedimentary units. This is a fairly straightforward exercise because, aside from the upper pelagic clay, the only major repository for the elements considered in this study is the volcaniclastic unit. The other main lithologic units, chert and radiolarite, are somewhat similar in composition to the pelagic clay, but severely diluted by biogenic silica (Table 2) . Thus, for most incompatible elements, variations in the bulk composition can be modelled grossly as a two component mix. As can be seen in Figures 1 la and 1 lb,  simply altering (Figures 11a and llb) . Elemental fractionations associated with transport of sedimentary components from slab to the mantle wedge is an appealing mechanism to explain these observations. A liquid phase, whether a melt or aqueous fluid produced by sediment dehydration, is also perhaps the most plausible way to transfer efficiently sedimentary mass into the mantle wedge.
The trace element composition of a liquid phase will be controlled not only by the bulk sediment composition but also the nature of the liquid phase (aqueous fluid or melt) and the residual phase mineralogy of the subducted sedimentary assemblage. Thus models of the sediment transport process tend to be highly under-constrained. However, it is possible to glean some first order insights, that can help resolve whether or not a sediment derived melt or "fluid" is the agent of trans- Trying to reproduce the extreme niobium anomaly required in the enriched end-member actually provides some independent constraints on the subarc processes. Since none of the major mineral phases mentioned above can readily achieve large Th-Nb fractionations, it is necessary to call upon the accessory mineral rutile, which has very high HSFE partition These fluxes must retain their discrete chemical signatures until they are brought together, in the source of the arc lava, very shortly before melting. Fitting all these considerations into a model that contains independent constraints from experimental petrology and geophysical modeling is not easy. To illustrate some of the issues at stake, we discuss some simple arc models that attempt to address the geochemical observations. One other factor that we have felt is important to incorporate into the models is a mechanism to account for the ubiquitous occurrence of volcanic arc fronts 120 km above the Benioff zone [Issacks and Barazangi, 1977] . As has been proposed by previous work, we attribute this to a pressure sensitive dehydration reaction at this depth [Green, 1973] that releases water to trigger extensive mantle melting [Tatsumi, 1989] . There is not the space in this paper to discuss all the ramifications of suggested models for the many potential processes at work in the subarc mantle. We simply try to highlight what we consider some of the more important considera- . However, we feel the combination of tracers used in this study both strengthens earlier inferences and enables a timing of these events to be derived. More high-quality geochemical data sets for other arc systems, and additional high-pressure fluids and melt-partitioning experiments will help further resolve these processes and determine if they are common to all arc systems.
Appendix' Analytical Techniques
All samples were crushed in agate. Major elements and some trace elements of the Mariana volcanics were measured by XRF at the University of Massachusetts using techniques reported by Rhodes [1983] . A greater range of trace elements concentrations were determined by ICP-MS at Cornell, which enabled the analysis of elements found at very low abundances in arcs lavas and for which existing data are sparse and often of poor precision. Procedures were similar to those reported by Cheatham et al. [1992] , except that perchloric acid was excluded from the digestion mix to avoid interferences on the LREE [Longerich, 1993] . Special attention was paid to the high field strength elements (Zr, Hf, Nb, and Ta). No problems of solution instability nor incomplete dissolution were encountered, and solutions rerun after several months gave statistically identical results. USGS standards BIR, DNC, and W2 were used for external calibration of high field strength elements, following independent determinations based on the method of standard additions (for Nb and Ta) and isotope dilution (for Zr and Hf). Values used are shown in Table A1 . Table  1 
